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Abstract 
Non-rigid components assembly simulation requires complex and difficult modelling tasks. This paper presents how ANATOLEFLEX solution 
can support user to take into account assembly sequence, joint with defaults, composite or metallic material properties, form default from 
manufacturing processes, and contact modelling in order to build a full and realistic assembly simulation. An implementation of this solution is 
presented on a representative aeronautical structural assembly use case with simulation results analysis.  This use case illustration leads to 
conclusions on future industrial applications of realistic assembly simulations such as tolerance analysis or gap maps estimation for shimming 
processes. 
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1. Introduction and industrial background 
In today’s aerospace industry, a significant pressure is put 
on manufacturing processes in order to increase production 
rate. This lead to a much higher management of uncertainties 
in the production line, and robust assembly processes. In 
addition, new composite fiber aero-structures as introduced 
for the latest Airbus A350 XWB, requires additional 
specifications on built-in stress level introduced during 
assembly processes. Aeronautical parts or assemblies could be 
considered as flexible due to the large size and the low 
thickness features. Thereby, assembly processes are mainly 
done with large and rigid jigs that hold and position each 
component on several points, which mean geometrically over 
constrained positioning datum that are necessary to hold and 
position a flexible component. 
Lastly, these new requirements on loads at interface 
between two components have led to new non added values 
operations such as control and shim if necessary. These long 
and cumbersome new tasks don’t contribute to production rate 
increase. 
Aware of the influence of geometrical defects of the 
components on the geometric quality of the assembly [1], 
research works performed in partnership between Airbus 
Group and ENS Cachan have been conducted for twenty years 
on the spread of geometrical defects. During the first decade, 
research has focused on the assembly of rigid components 
with defects [2,3]. The introduction of the flexibility of the 
components and their shape defects was carried out during the 
past decade. 
The activities have helped to define methods and tools to 
solve different classes of industrial problems such as flexible 
best fit [4,5], tolerance analysis [6], tolerance synthesis [7], 
measuring flexible component [8], the choice of optimal 
assembly sequences [9] or shim prediction in assemblies [10]. 
To carry out this work, it is necessary to have models that 
represent actual behavior of the assembly. The finite element 
models were selected to perform the simulations. It appeared 
very quickly that tolerancing users may not have a culture of 
mechanical simulation. Therefore, transcription of the 
assembly problem in mechanical model is a real difficulty. 
t . .  This is an open access article under the CC BY-NC-ND license 
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Considering the foregoing, Airbus Group Innovations has 
developed a new software platform dedicated to realistic 
assembly simulations that could estimate the impact of 
geometrical variations and the mechanical properties of each 
component on the required quality of a given assembly. 
ANATOLE software is CATIA V5 workbench dedicated 
to computer aided tolerancing to analyze product mapping 
between assembly requirements and component’s 
specifications. This solution proposed worst case and 
statistical solver and is based on rigid body simulations. A 
dedicated module for flexible assembly has been developed, 
ANATOLEFLEX.  
Several initiatives have already been developed with the 
same objective to simulate variation propagation for non-rigid 
components assemblies: TAA from Dassault Systemes [11], 
3DCS FEA Compliant modeller from DCS [12], and RD&T 
from RD&T Technology AB [13]. 
As it is presented in this paper, the aim of this solution is to 
offer to a large kind of users, a new capability to estimate 
assembly process performance by taking into account 
geometrical deviations of each part, detailed mechanical 
properties even for composite structure and build philosophy 
features. Our main challenges are to keep a simplified CATIA 
V5 user interface based on Digital Mock Up features, to 
perform FEM simulations without CAE expertise requested 
and to enable realistic deviation models of parts. 
ANATOLEFLEX solution has been developed jointly by 
Airbus Group Innovations and Siemens PLM Software by 
joining ANATOLE platform and SAMCEF solvers. 
2. ANATOLE solution for rigid body analysis 
Airbus Group Innovations has already developed a 
tolerance management dedicated platform in CATIA V5. This 
solution is based on small displacement torsor modelling and 
rigid body assumptions [14].  As presented in Figure 1, thanks 
to CATIA V5 integration, ANATOLE benefits from native 
geometrical mock up, GD&T tolerance annotations and 
knowledge parameters. ANATOLE can identify over-
constraints loops, compute sensibility analysis and worst 
cases values, but also estimate probabilistic criteria. Finally it 
enables model synchronization with geometrical mock up for 
automatic tolerance analysis updates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: ANATOLE Architecture principle 
3. Non rigid simulation global approach 
Modeling the assembly of flexible components involves 
adding new models to users. To perform a full variation 
simulation of non-rigid components, several steps are 
necessary for a complete modelling: 
1. Assembly modelling to define main components 
and jigs, joints,  requirements, assembly sequence,  
2. Transition to FEM, to validate proposed meshes 
and assembly models automatically translated in 
FEM. 
3. Geometrical deviation modelling to introduce 
uncertainties such as geometrical variations on 
each component and especially representative 
form defaults. 
4. Simulations and analysis step to compute 
assembly with previous hypothesis. 
 
All these steps are described in the next sections and are 
implemented as an integrated global approach in 
ANATOLEFLEX workbench of CATIA V5 as an add-on of 
ANATOLE. The Fig. 2 presents its architecture principle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: ANATOLEFLEX Architecture principle 
3.1. Assembly modelling 
As for rigid body variation analysis, the first step of the 
approach is to describe the assembly model based on the 
geometrical Mock Up of the components. Therefore, as in 
ANATOLE, it is possible to define: 
x List of component to be considered for the study, 
x List of Joints with surfaces, 
x List of Requirements that could be geometrical or force 
condition, 
x Assembly process that define the sequence of steps 
necessary to achieve the all assembly. 
 
The global approach will be illustrated on an extract 
helicopter structure composed of 4 components (Floor panel, 
Frame1, Frame2, Central Panel). The Fig. 3 shows the 
complete assembly model defined with ANATOLE on the 
geometrical mock-up. 
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Fig. 3: Assembly model illustration on the use case 
 
All these assembly models items are defined in the user 
interface and visible in the Product Tree in the ANATOLE 
application folder as represented in the Fig. 8a).  
In component’s list, it is necessary to define all sub-
assemblies and jigs that contribute to global assembly 
dimensional quality. It is expected to identify each component 
with a geometrical component from the Digital Mock Up 
loaded in CATIA session, but it is also possible to create 
virtual component when geometry is missing like for some 
tooling. Thanks to CATIA V5 integration, for each selected 
component it is possible to automatically take benefit of 
additional data that could have been completed in other 
workbenches, such as: Tolerance annotation in FTA, material 
selection, and even composite plies details from Composite 
Design workbench (CPD). 
For joint definition, the proposed approach is to create 
Global Link between two components which consist of: 
x Mate joints that are positioning components. 
Each of this joint could have specific kinematic 
feature with associated degrees of freedom. 
x Contact joints that could be considered as 
fasteners characterized with applied force. 
x Surfaces in contacts. Selected surfaces define the 
area to apply condition of unilateral contact in the 
interface of the joint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Global Link  
Fig. 4 illustrates Global Link between Floor Panel and 
Frame2 of the use case. 
Requirements are necessary to define assembly criteria that 
could be geometrical conditions such as Key Characteristics, 
tolerances, gaps or force installed in joints. Several 
requirements’ types are available: Distance, Position, 
Orientation, and Force. 
Lastly, an assembly process can be built to describe 
sequence of assembly step. Each operation of this sequence is 
defined by a list of joints to be activated and deactivated, and 
potential gravity conditions. This last detail enables to support 
assembly process case when assembly is performed over 
several stations with potential reversal of sub-assemblies 
between stations with different datum positioning system. 
3.2. CAT-CAE link  
The previous step has described user process that need 
geometrical feature as inputs (Points, edge, axis, surface, …), 
but in order to perform a non-rigid variation analysis, it is 
necessary to move from this geometry based model to a FEA 
model based on associated mesh.This is exactly what offers 
ANATOLEFLEX from an existing ANATOLE project: to 
automatically create the flexible model structure for the non-
rigid variation analysis with FEA. 
For each component identified earlier, user must assign the 
flexibility behavior: rigid or flexible. In case of rigid 
component, a rigid skeleton Finite Element (FE) mesh passing 
through all interest points will be used to be interfaced with 
the other parts. This can be applied for virtual component 
without support geometry. For non-rigid component, it is 
necessary to select associated meshes. CATIA V5 native 
meshes are supported as well as imported ones. This includes 
1D/2D/3D native mesh parts but also native connection mesh 
such as fastened connection mesh or contact mesh. 
 
 
 
 
 
 
 
 
 
(a)                 (b) 
Fig. 5: (a) Flexible part definition (b) Mesh models 
 
Thanks to the CATIA V5 integration, ANATOLEFLEX 
benefits from CATIA Analysis environment and handles 
numerous features such as Mesh Parts and Properties 
(1D/2D/3D), Mesh Connections (Contact, Smooth, 
Fastened,…) and boundary conditions (Pressure, 
Acceleration, Forces,…). 
Once meshes are associated to each component as shown 
in Fig. 5, an automatic association process is executed to 
convert ANATOLE features on geometrical features into 
ANATOLEFLEX features on FE model. Nearest Neighbours 
algorithm is used to find closest facet nodes to the application 
point of ANATOLE feature. According to object type and 
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attributes (joints, fasteners, requirements, contact), specific 
elements are automatically created in the FE model. From 
ANATOLE joints defined on geometrical features, 
ANATOLEFLEX creates automatically joint feature between 
groups of mesh nodes of illustrated in Fig. 6 [15,16]. Spider 
visualisation is used to show the group of nodes that will be 
used to represent the feature. 
 
 
 
 
 
 
(a)                               (b) 
 
Fig. 6: (a) spider model; (b) Spider visualization 
3.3. Geometrical deviation modelling   
A specific workbench of ANATOLEFLEX is dedicated to 
geometrical deviation modelling using tolerance 
specifications and manufacturing processes inputs. The goal 
of this tool is to describe a population model as a random 
geometry for each part involved in the assembly in order to 
describe representative geometrical variations. The proposed 
methodology is based on a probabilistic modelling of a given 
geometry defined by a mesh as a random perturbation of this 
geometry. 
The main innovation of the deviation modeler is to provide 
a quantification of geometrical dispersion using a non-
parametric stochastic approach. The dispersion is no more 
described through the probabilistic distribution of some 
macroscopic dimensions of the parts, but through a full 3D 
deviation field generated by a random field. From a 
mathematical point of view, we propose to model this random 
field using an extension of the Box&Jenkins methodology 
[17]. It is a 3 steps methodology. First, the data are 
transformed using a non-linear transformation known as the 
Box-Cox transformation in order to get quasi-Gaussian 
marginal distributions with constant variance for the random 
field. Then, a trend function (ie a systematic deformation) is 
identified using a least-squares approach and is removed from 
the transformed data. Third, the now centered data are used to 
estimate the Karhunen-Loeve decomposition of the resulting 
stationary Gaussian random field [18]. This decomposition is 
close to the functional principal component analysis but 
differs on the fact that the non-uniform geometrical 
distribution of the nodes is taken into account in the 
decomposition in order to get a probabilistic model which is 
mesh independent. Mathematically speaking, the resulting 
probabilistic model is given by equation (1). 
 
 
 
Where: 
x  is the Box-Cox transformation with 
shape parameters  λ and shift parameters δ; 
x is the trend function; 
x is the random vector of the 
K-truncated coefficients of the Karhunen Loeve 
expansion and the 
corresponding truncated basis. 
The associated mathematical algorithms have been 
implemented on OpenTurns library [19] which is used for 
ANATOLEFLEX deviation modeler. 
At user level, the challenge is to enable defining a 
representative population model for each component based on 
available data. Three options are available:  
 
1. If some components have already been manufactured 
and measured, it is possible to create a deviation 
model from samples measurements. A specific 
attention is made on gravity impact on the 
measurement data, in order to remove gravity terms 
from measurements and use only form default residue. 
Deviation field computed by applying gravity 
conditions on nominal mesh can be used to determine 
form default [8]. 
2. From manufacturing process parameter’s variations, 
some dedicated predictive models can simulate 
resulting scatter models for the manufactured parts. In 
that case, the deviation model can be built as in the 
previous case but using virtual samples generated from 
representative process parameters variations. 
3. Knowledge and Experience: If a component has not 
been manufactured yet and no process simulation is 
available, it is still possible to create a deviation model 
by defining representative geometrical defaults as a 
modal basis vectors.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Deviation field representation 
 
Once the population models have been created for each 
component, it will be used to randomly generate 
representative samples for tolerance analysis as shown in Fig. 
7. 
3.4. Simulations and analysis 
Once all the previous steps have been performed, a 
complete ANATOLEFLEX model is ready for computation. 
The complete CAT model for FEA is visible in the Product 
Tree as visible in the Fig. 8b).  
Thanks to integration of Samcef solvers, a full realistic 
assembly simulation is now available by taking into account 
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material properties like composite details, assembly process 
description, and geometrical variation fields for each 
component. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
(b) 
Fig. 8: (a) ANATOLE project tree (b) ANATOLEFLEX project tree 
 
Three modes of computation are proposed: 
 
1. Sensibility analysis. This mode enables to assess the 
impact of each joint on each requirement [21, 22, 23, 
24] and to compile full results as for rigid tolerance 
analysis in ANATOLE using tolerances as 
variations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: ANATOLE result analysis 
 
2. Single assembly. For a given set of deviation fields 
for each component, this computation mode enable 
to simulate the full assembly process and to predict 
assembly results with geometrical and mechanical 
criteria as represented in Fig. 10. Non-linear 
mechanical model might be used when processin 
single assembly. This mode is being very useful to 
predict gaps and clamping forces of a given assembly 
of measured components. 
3. Monte Carlo. Based on probabilistic model for each 
component’s deviation, a high number of virtual 
assemblies are simulated and statistical results can be 
established on assembly criteria, such as the 
probability to have a geometric requirement higher 
than a given upper limit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: ANATOLEFLEX simulation result 
4. Industrial applications 
This new software platform dedicated to realistic assembly 
simulation is still under development, but several use case 
have already been implemented. Several business applications 
have already been identified in aeronautics applications, such 
as: 
 
x Tolerance analysis to evaluate requirement’s 
statistical limits (quantile) and efforts at 
interfaces. 
x Assembly process validation to find the most 
robust assembly sequence. 
x Tolerance specification to determine gravity 
dependent tolerance specifications. 
x Tolerance synthesis with performance-driven 
tolerance allocation & assembly [25].  
x Measurement aided assembly process supported 
by flexible best fit tools. 
x Gaps and shim prediction in the shopfloor from 
part’s measurements. 
5. Conclusions 
This paper presents a new software solution as the 
implementation of various results from research collaboration 
on geometrical variations propagation and non-rigid assembly 
simulation. 
The global approach is described and the software 
implementation is illustrated on an industrial use case. Main 
achievements of this work are the capability to perform easily 
Finite Element Analysis for tolerance analysis thanks to many 
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automatic processes, and also innovative approach to model 
part’s form deviation.  
Future works are already identified to improve and extend 
this assembly modelling platform. The first development axis 
will be on computational performances for Monte Carlo 
scenario using individual impact of each default mode and to 
build global model or using metamodeling [26]. The second 
axis of improvement could be about deviation modeler when 
no data are available, neither measurement neither process 
simulation modeler. 
This software implementation is the result of a fruitful 
partnership between Airbus Group and ENS Cachan 
investigating this field of research for about 10 years within a 
collaborative research structure called InnoCampus and these 
last years within the European FP7 project called 
LOCOMACHS [27]. 
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